The Lafayette meteorite contains abundant iddingsite, a fine-grained intergrowth of smectite clay, ferrihydrite, and ionic salt minerals. Both the meteorite and iddingsite formed on Mars. Samples of iddingsite, olivine, and augite pyroxene were extracted from Lafayette and analyzed for trace elements by instrumental neutron activation. Our results are comparable to independent analyses by electron and ion microbeam methods. Abundances of most elements in the iddingsite do not covary significantly. The iddingsite is extremely rich in Hg, which is probably terrestrial contamination. For the elements Si, AI, Fe, Mn, Ni, Co, and Zn, the composition of the iddingsite is close to a mixture of-50% Lafayette olivine + -40% Lafayette siliceous glass + -10% water. Concordant behavior among these elements is not compatible with element fractionations between smectite and water, but the hydrous nature and petrographic setting of the iddingsite clearly suggest an aqueous origin. These inferences are both consistent, however, with deposition of the iddingsite originally as a silicate gel, which then crystallized (neoformed) nearly isochemically. The iddingsite contains significantly more magnesium than implied by the model, which may suggest that the altering solutions were rich in Mg 2÷.
Introduction
The Workshop on the Evolution of Martian Volatiles was convened to help resolve problems about distributions, sources, abundances of volatiles on Mars. One approach to these problems is through analyses of Martian volatiles and their products in meteorites; most of the Martian meteorites were affected by water (or other volatiles) on Mars [e.g., Gooding, 1992; Treiman et al., 1993; Romanek et al., 1996] . Ideally, studies of an altered meteorite could provide fluid compositions, fluid-rock ratios, and timings of a volatile-driven process on Mars.
In this work, we continue studies of the Martian alteration materials in Lafayette, one of the nakhlite meteorites. The nakhlites are igneous rocks composed mostly of augite pyroxene and olivine, with many minor phases including silica-rich mesostasis glass [Bunch and Reid, 1975; Berkley et al., 1980; Harvey and McSween, 1992; Treiman et al., 1993] [Gooding et al., 1991; Treiman et al., 1993] . lddingsite in the nakhlites is definitely preterrestrial (and therefore Martian) because it is cut by the meteorites' fusion crusts [Gooding et aL, 1991 ; Treiman et aL, 1993] and has oxygen isotope abundances consistent with a Martian origin [Karlsson et al., 1992; Romanek et at., 1996] . Lafayette contains the most iddingsite of any nakhtite and so is an ideal target for extended study.
To date, Lafayette's iddingsite has been analyzed for bulk composition and
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microstructures [Treiman et al., 1993] , heavy noble gases [Drake et al., 1994] , formation age by 4°Ar/39Ar [Swindle et al., 1995] , oxygen isotopes [Karlsson et al., 1992; Romanek et al., 1996] , and hydrogen isotopes [Leshin et al., 1996] . In this paper we report trace element analyses for Lafayette's iddingsite by instrumental neutron activation analysis (INAA) and speculate on the mechanism of iddingsite formation in Lafayette and on the composition of the water that altered Lafayette.
Sample and Analysis
Fragments of iddingsite, olivine, and pyroxene were removed from 3-5 mm crumbs of Lafayette sample ME2116 from the Field Museum, Chicago, Illinois. Among the crumbs was a range of terrestrial materials, including wood slivers, paint flecks, and blobs of glue. These materials were carefully excluded from the analyzed samples, but could still be sources of contamination. The meteorite has also seen extensive handling in the museum, and could have been exposed to water, saw oils, cleaning solutions, etc. Nonetheless, exception for Hg (see below), no evidence of high and variable abundances of any contaminants was observed.
The crumbs were dissected under a stereo microscope using needles of stainless steel and silica glass; dissected fragments were identified by their colors: orange-brown iddingsite, yellow olivine, and green pyroxene. Iddingsite samples were dissected from two separate crumbs, labeled 9 and 11. Crumb 9 was an exterior piece with fusion crust on one face. All iddingsite from crumb 9 was at least 1 mm distant from the fusion crust, which is probably far enough to easure minimal movement of volatiles during atmospheric entry [Treiman et al., 1993] . Crumb 11 had no fusion crust and so was probably > 2 mm from the fusion crust. Plagioclase and phosphates appeared white and were avoided or dissected away. Samples for analysis ranged up to -20 _tm in diameter and down to a few microns in diameter.
Pyroxene grains were clear and glassy, and contained novisible mineral impurities. Olivine grains were also clear and glassy but thin veinlets of iddingsite andminute opaque grains were ubiquitous andcould notbedissected out.lddingsite fragments werebrownandessentially opaque, andwerecommonly intergrown withother silicates. Efforts toclean theiddingsite grains were quite successful, asisshown byconsideration ofthe analytical data below. Samples foranalysis were packaged in sealed high-purity quartz tubes andirradiated for96hours ata thermal neutron fluxofabout 7.5x 10 j3neutrons/cm2-sec. After irradiation, the samples were removed fromthetubes andweighed intonew containers for gamma ray assay. Weights of olivineand pyroxene samples weremeasured usinga Sartorius $3 microbalance to an uncertainty of +0.5lag. Olivine sample weights ranged from 5 to 18 lag, and pyroxene sample weights ranged from 14 to 36 lag (Table  I) . Samples of iddingsite were too friable for extended sample handling and were not weighed;
their weights were calculated after analysis on the assumption that they each contained 29% FeO (anhydrous basis), the average value for iddingsite [Treiman et aL, 1993] . Calculated weights for iddingsite samples were between 0.45 and 20 lag (Table 1 ) . The gamma ray counting assay was performed in the Iddingsite analyses are pegged to FEO=29%, the average value (anhydrous basis) from Treiman et al. [1993] , and uncertainties are primarily estimated from the scatter in plots such as Figure 6 . See Table 2 for sample masses and details. Pyroxene analysis is mass-weighted average of samples Pxl (28.8pg), Px2a (28.81.tg), Px4a (20.8ttg), and Px5b (27.1ktg ). Olivine analysis is mass weighted average of samples OI2a (17.9ttg), O12e (I 1.4p.g), and O13a (9.91ag). Uncertainties for pyroxene and olivine are 1o of analysis or estimated 1o of mean, whichever is greater. All upper limits are 20.
low-background
Radiation Counting Laboratory at Johnson Space Center using intrinsic Ge detectors. Analytical standards were glasses used extensively in this lab [Lindstrom et al., 1994] and the Iow-Ni hexahedrites Lombard and San Martin [Lindstrom and Jones, 1996] . Satisfactory standards are not available for Br, Hg, and Se, so their absolute abundances are based on published cross sections [Mughabghab, 1984] and are probably uncertain to a factor of 2, although differences between samples are much more accurate.
Analytical Results
Average chemical analyses of "pure" iddingsite, pyroxene, and olivine are given in , 1975; Boctor et al., 1976; Berkley et al., 1980; Smith et al., 1983; Harvey and McSween, 1992; Treiman et al., 1993] . The olivine and pyroxene in Lafayette are nearly homogeneous in major and minor elements [Berkley et al., 1980; Harvey and McSween, 1992] Even with the use of a high-quality microbalance, the smaller sample masses are significantly uncertain.
For the pyroxenes and olivines, weighing uncertainties would shift the points a few percent along lines through the origin in Figure 1 . This effect alone cannot explain the range of analyses, which must reflect grain-to-grain compositional variability in these minerals [Berkley et al., 1980; Harvey and McSween, 1992; Wadhwa and Crozaz, 1995] . Also note that most of the spread in Cr in the pyroxenes is perpendicular to the trend expected from weighing errors.
Because
we were unable to weigh the iddingsite samples, their analyses have been normalized to the average of 29.0%
FeO determined by Treiman et al. [1993] . That paper gave analyses of seven petrographically different iddingsite types whose FeO contents had a standard deviation of only 5%, so a similar variability in our iddingsite samples could lead to small displacements along lines through the origin in Figure 1 . Even much larger changes in the apparent weights could not explain many ofthecompositional differences observed. For example, consider the iddingsite sample with the highest Sc content ( Figure 2d ). It is tempting to suppose that this sample actually had slightly lower FeO (-25%) and fell on the dotted mixing line between iddingsite and pyroxene, but this effect alone would not explain its high Cr content ( Figure 2b ). (Figure 2c ), in agreement with Sc data ( Figure   21 ). Estimating the amounts of olivine in the iddingsite samples is more difficult, but Sc data show that none are highly contaminated and most can contain no more than 5% olivine. 
3O
, 'l '1 ' ' Smith, 1963] . Boctor et al., 1976; Treiman et al., 1993] . The most significant difference between our results and literature values is for CaO.
Electron microbeam analyses of iddingsite in the nakhlites are varied, but rarely if ever contain more than 2% CaO (vis . Table   3 and graphs in works by Gooding et al. [1991] and Treiman et aL [1993] ). Six of our upper limits are consistent with this value, but many of our samples have considerably more CaO Table 2 ). The high CaO observed here probably reflects the presence of calcium-rich salt phases like calcite [Treiman et al., 1993; Gooding et al., 1991, Figure 5d ]. Larger samples would be more likely to include grains of Ca-rich salts, which could be avoided in electron microbeam analyses.
From our INAA data, the strongest compositional signature of the iddingsite is its enrichment in alkalis: !<20 ranges from 0.36 to 1.3% and Cs from 4 to 36 ppm ( Figure  6 ). Rb is also enriched, but the INAA data are much less precise (Figure 6a ).
All of the Cs in the rock (0.3 ppm, [Treiman et al., 1986] Figure 3a) . These particles are also enriched in TRE1MAN AND LINDSTROM: GEOCHEMISTRY OF MARTIAN 1DDINGSITE Figure   3c ), suggesting that Lafayette contains a minor phase with Sc:Sm in that proportion. (e) Sm does not correlate with Cs, with most samples having <0.1 ppm Sm, but six are much higher.
Iddingsite Formation: A Chemical Model
(f) Arsenic values are mostly 1.0+0.5 ppm and lack a strong correlation with Cs. Boctor et al. Bunch and Gooding et Bunch and al. [1993] [1976] Re/d [1975] al. [1991 [ ] Re/d[1975 [Treiman et al., 1993] , and consistent with the 55-45 anhydrous model (Table 4 ).
Trivalent

Compatible Elements
The heavy REE, Sc, and Cr do not fit within the model. The critical data here are that these elements are measurably abundant in Lafayette olivine but are undetectable or at very low levels in the iddingsite (Table 1 ). In fact, the "pure" iddingsite contains 2% of the Sc abundance in olivine, 7% of the Cr abundance in olivine, and <33% of the Yb and Lu abundances in the olivine. It is difficult to tell whether these elements were immobile during alteration or whether the small proportion of them in the reacted olivine was flushed out of the rock.
Alkali Metals
Abundances
of Na and K in the iddingsite are not consistent with the 50-40-10 model. From the 1.7% NazO in the mesostasis glass, the model would predict -0.7% Na20 in the iddingsite, while it actually contains -0.3% (Table 4 ). The abundance of K in the mesostasis glass is quite variable, with K20 values ranging from 0.5% to 10% [Berkley et al., 1980; Treiman et al., 1993] . Abundances of K span consistency with the model; the iddingsite contains only 5% of the K in the high-K mesostasis glass analysis of Treiman et al. [1993] and 80% of the K in the iow-K analysis, compared to the predicted 45%. The predicted iddingsite composition of Table 4 uses the average analysis value from Berkley et aL [1980] , and yields a K20 abundance 7.5 times the analyzed value.
An Expanded Chemical Model
The "50% olivine + 40% mesostasis glass + 10% water" [Podosek, 1973; Swindle et al., 1995] . Treiman et al. [1993] have already established a few physical and chemical constraints between clay and water [Decarreau, 1985] . I and 4 ) [Treiman et al., 1993] . In smectite-water equilibria, however, the elements Ni, Zn, and Co are more strongly partitioned into smectite than is Fe 2+, and Mn is less strongly partitioned into smectite than is Fe2÷ [Decarreau, 1985] . As none of these conditions are met by ., 1993, Figures 1 and 2a] [Gooding, 1986; Gislason et al., 1993] water and shows significant porosity that was probably a result of desiccation [Treiman et al., 1993 , Figures 2c, 2d, and 2e] .
Thus, the composition of the original gel was approximately 45% olivine + 35% mesostasis glass +20% water, and one can calculate solute concentrations in the water by mass balance.
The only element for which an actual concentration can be calculated is Mg because it is the only element which is more abundant in the real iddingsite than in the 50-40-10 model of iddingsite formation (Table 3 ). If the model is correct, -8% 
